Nasopharyngeal carcinoma (NPC) is particularly common in Southern China and Southeastern Asia, where the incidence peaks at 50 cases per 100,000 people per year^[@CR1],[@CR2]^. NPC exhibits the highest invasive and metastasis potential among head and neck cancers, with 15--30% of patients developing distant metastasis despite high sensitivity of the tumour to radiotherapy^[@CR3]^. The prognosis for advanced NPC is poor, with a 5-year survival rate ranging from 50 to 70%, and distant metastasis is the main obstacle in the current clinical management of NPC^[@CR4],[@CR5]^. Therefore, better treatment strategies will ultimately require a clearer understanding of the molecular basis of NPC metastasis.

EpCAM (epithelial cell adhesion molecule; CD326 (cluster of differentiation 326)) was originally identified as a novel tumour-specific cell surface antigen after immunisation of mice with cancer cells in 1970s, and was later defined as a cell--cell adhesion molecule^[@CR6],[@CR7]^. EpCAM is a type I transmembrane glycoprotein with an ectodomain, one transmembrane domain, and a cytoplasmic domain of 26 residues^[@CR8],[@CR9]^. This glycoprotein is specifically expressed in epithelial tissue and overexpressed in a large variety of human epithelial-derived neoplasms, including cancer of the tongue^[@CR10]^, thyroid^[@CR11]^, prostate^[@CR12]--[@CR14]^, oesophagus^[@CR15]^, liver^[@CR16],[@CR17]^, colon^[@CR18]^, breast^[@CR19],[@CR20]^, ovary^[@CR21]^, pancreas^[@CR22]^, gallbladder^[@CR23]^, lung^[@CR24]^, stomach^[@CR25]^ and kidney^[@CR26]^. Recent studies have revealed that EpCAM is involved in cell signalling, migration, proliferation and differentiation, as well as in metastasis and cancer stem cells^[@CR27]^. However, conflicting data have been published describing EpCAM in some carcinoma types as a tumour suppressive protein that is associated with improved patient survival^[@CR11],[@CR28]--[@CR31]^. Whether EpCAM acts as a tumour suppressive gene or as an oncogene might depend on the cell type and microenvironment.

Although EpCAM is one of the best studied cancer-associated antigens, its expression profile, biological function and clinical significance in NPC have not been reported until now. In our previous study, deep sequencing of the human NPC cell lines CNE2 and C666-1 and the immortalised nasopharyngeal epithelial cell line NP69 was performed using Illumina Hiseq 2500 with the aim of characterising aberrant transcript expression that contributes to NPC oncogenesis (unpublished). Among the most highly upregulated genes, the EpCAM gene showed dramatically elevated expression in C666-1 and CNE2 cells compared with the NP69 cells (logFC = 6.25 and 6.00, respectively) (Supplementary Table [1](#MOESM1){ref-type="media"}). Therefore, the aim of this study was to explore the expression profile of EpCAM and its role in NPC aggressiveness.

Results {#Sec1}
=======

EpCAM is frequently upregulated in NPC tissues and cells {#Sec2}
--------------------------------------------------------

In the current study, EpCAM expression levels were evaluated in 22 snap-frozen NPC tissues and 14 non-cancerous nasopharyngitis (NP) tissues using quantitative real-time PCR (qRT-PCR), and the results showed that EpCAM was significantly upregulated in tumour tissues in comparison with non-tumour tissues (*P* \< 0.01) (Fig. [1a](#Fig1){ref-type="fig"}). Moreover, western blotting analysis revealed an obviously higher level of EpCAM expression in HONE1, SUNE1, C666-1 and S-26 cell lines, whereas the normal epithelial NP69 cell line and the other four NPC cell lines (HNE1, S-18, 6--10B and 5--8F) showed undetectable or very low levels of endogenous EpCAM expression (Fig. [1b](#Fig1){ref-type="fig"}). In the following experiments, S-18 and 6--10B cells were used to generate EpCAM-overexpressing cell lines, and HONE1 cells were used for targeted EpCAM knockdown.Fig. 1EpCAM overexpression is frequently detected in NPC tissues and predicts a poor prognosis. **a** The EpCAM mRNA level was elevated in NPC tumour tissues (*n* = 22) compared with non-cancerous nasopharyngitis tissues (*n* = 14) based on qRT-PCR analysis (*P* \< 0.01, independent Student's *t*-test). **b** Protein expression levels of EpCAM in a panel of NPC cell lines analysed by western blot. GAPDH is used as a loading control. **c** Differential EpCAM protein expression in representative NPC tumours, determined by immunohistochemical staining. **d**--**f** Kaplan--Meier survival curve analysis indicated that NPC patients with higher EpCAM expression had shortened overall survival (OS), progression-free survival (PFS) and distant-metastasis-free survival (DMFS) compared with patients with low EpCAM expression (log-rank test)

EpCAM overexpression is correlated with distant metastasis and poor prognosis in NPC patients {#Sec3}
---------------------------------------------------------------------------------------------

To explore the clinical significance of EpCAM expression in NPC patients, we performed immunohistochemistry (IHC) to measure the expression of EpCAM in 64 formalin-fixed paraffin-embedded NPC samples. Representative images of NPC tissues with different IHC staining intensities are shown in Fig. [1c](#Fig1){ref-type="fig"}. Absence of EpCAM was observed in 2 NPC cases (3.1%). The total IHC staining scores for EpCAM in these NPC samples ranged from 0 to 3. The median of the IHC scores (0.9) was used as the threshold of EpCAM expression in this study, and EpCAM overexpression was defined as a total score of \>0.9. Thus, 28 out of the 64 (43.75%) NPC samples were identified as high EpCAM expressing (staining index \>0.9). The clinicopathological characteristics of the 64 NPC patients are summarised in Table [1](#Tab1){ref-type="table"}. The metastasis rate was significantly higher in EpCAM high-expression patients (42.9%, 12/28) than in EpCAM low-expression patients (8.3%, 3/36) (*χ*^2^ = 10.461, *P* = 0.001). No significant associations were found between EpCAM expression and other clinicopathological features.Table 1Association of EpCAM expression and patient clinicopathological characteristics in NPC tissuesCharacteristicsNo.EpCAM expression level*P-*value (*χ*^2^-test)LowHighGender  Male4724 (51.1%)23 (48.9%)0.164  Female1712 (70.6%)5 (29.4%)Age  \<443217 (53.1%)15 (46.9%)0.200  ≥443222 (68.8%)10 (31.2%)DNA copy  ≤40004022 (55.0%)18 (45.0%)0.795  \>40002414 (58.3%)10 (41.7%)EA/IgA  \<1:10148 (57.1%)6 (42.9%)0.939  ≥1:105028 (56.0%)22 (44.0%)VCA/IgA  \<1:80104 (40.0%)6 (60.0%)0.259  ≥1:805432 (59.3%)22 (40.7%)T-stage  T1--22011 (55.0%)9 (45.0%)0.892  T3--44425 (56.8%)19 (43.2%)N-stage  N0--13119 (61.3%)12 (38.7%)0.431  N2--33317 (51.5%)16 (48.5%)Clinical staging  I--II43 (75.0%)1 (25.0%)0.435  III--IV6033 (55.0%)27 (45.0%)Distant metastasis  Yes153 (28.6%)12 (80.0%)**0.001\***  No4933 (67.3%)16 (32.7%)Statistically significant difference (*P*\<0.05) was indicated in bold letters.

For survival analysis, 64 patients who were monitored for at least 3 years after treatment or until death were included, with a median observation time of 89 months (range 8--104 months). Kaplan--Meier survival curves and log-rank test survival analysis showed that the overall survival (OS), progression-free survival (PFS) and distant-metastasis-free survival (DMFS) of NPC patients with high levels of EpCAM was significantly poorer than that of patients with low levels of EpCAM (*P* \< 0.05; Fig. [1d--f](#Fig1){ref-type="fig"}). Multivariate Cox regression analysis demonstrated that EpCAM expression was an independent predictor of OS (HR, 1.01; 95% CI, 1.003--1.016; *P* = 0.003), PFS (HR, 1.01; 95% CI, 1.003--1.016; *P* = 0.003) and DMFS (HR, 1.011; 95% CI, 1.002--1.019; *P* = 0.014) (Table [2](#Tab2){ref-type="table"}).Table 2Univariate and multivariate analyses of overall survival (OS), progression-free survival (PFS) and distant-metastasis-free survival (DMFS) in patients with NPCVariablesUnivariate analysisMultivariate analysisHR95% CI*P*-valueHR95% CI*P*-valueOSGender (male vs. female)1.2070.389--3.7460.745Age (≥44 vs.\<44)2.4180.839--6.9710.102EBV-DNA copy (4000\>vs. ≤4000)1.1240.408--3.0950.821EA/IgA (≥1:10 vs. \<1:10)1.2060.343--4.2340.770VCA/IgA (≥1:80 vs. \<1:80)1.1040.25--4.8760.896T-stage (T3--4 vs. T1--2)2.2560.642--7.9260.205N-stage (N2--3 vs. N0--1)0.6470.235--1.7840.400Clinical staging (III+IV vs. I+II)2.741.064--7.0790.0373.0331.278--7.1970.012EpCAM (high vs. low level)1.0081.001--1.0140.0181.011.003--1.0160.003PFSGender (male vs. female)1.3850.455--4.2110.566Age (≥44 vs. \<44)1.7280.715--4.1750.224EBV-DNA copy (4000\>vs. ≤4000)0.9340.350--2.4890.891EA/IgA (≥1:10 vs. \<1:10)0.9860.324--2.9970.980VCA/IgA (≥1:80 vs. \<1:80)0.8080.233--2.8020.737T-stage (T3--4 vs. T1--2)2.6210.758--9.0610.128N-stage (N2--3 vs. N0--1)2.6210.758--9.0610.128Clinical staging (III+IV vs. I+II)3.3361.343--8.2870.0093.1171.314--7.3940.010EpCAM (high vs. low level)1.0081.003--1.0140.0051.011.003--1.0160.003DMFSGender (male vs. memale)3.7050.474--28.9470.212Age (≥44 vs. \<44)1.6000.653--3.9210.304EBV-DNA copy (4000\>vs. ≤4000)1.4870.453--4.8750.513EA/IgA (≥1:10 vs. \<1:10)0.7350.195--2.7710.650VCA/IgA (≥1:80 vs. \<1:80)0.7670.166--3.5500.734T-stage (T3--4 vs. T1--2)4.8180.616--37.6750.134N-stage (N2--3 vs. N0--1)1.7650.516--6.0340.365Clinical staging (III+IV vs. I+II)18.8232.423--146.2150.00514.2521.828--111.1230.011EpCAM (high vs. low level)1.0121.004--1.0210.0031.0111.002--1.0190.014

Collectively, these data showed that EpCAM was associated with disease progression and prognosis of NPC.

EpCAM expression in NPC cells has no effect on cell growth and proliferation {#Sec4}
----------------------------------------------------------------------------

NPC cell lines stably expressing EpCAM were generated from S18 and 6--10B cells using recombinant lentivirus encoding EpCAM or a negative control lentivirus (NC). To further explore the role of endogenous EpCAM in NPC cells, EpCAM was silenced in HONE1 cells by each of four specific siRNA oligos against EpCAM. Scrambled siRNA was used as a control. Upregulation and knockdown of EpCAM expression was confirmed by western blot analysis (Fig. [2a](#Fig2){ref-type="fig"}).Fig. 2EpCAM promotes NPC cell migration and invasion. **a** EpCAM overexpression efficiency in S18-EpCAM and 6--10B-EpCAM cells (left) and knockdown of endogenous EpCAM expression in HONE1 cells via siRNA transfection (right) was confirmed by western blot. **b** Wound healing assays showed that S18-EpCAM and 6--10B-EpCAM cells had higher motility compared with control cells. Left, representative images taken 0 h and 36 h after the scratch was made. Right, quantification of cell migration results, which are expressed as the mean ± S.D. of three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.01 by Student's *t-*test. **c** Cell invasion was evaluated using a Matrigel invasion chamber. EpCAM overexpression increased the invasive capacity of S-18 and 6--10B cells. Upper, representative images of cells that migrated through the PET membrane (magnification ×200). Lower, quantification of cell invasion data. The results are expressed as the mean ± S.D. of three independent experiments. \*\**P* \< 0.01 by Student's *t-*test. **d** Inhibition of EpCAM expression leads to a marked reduction in HONE1 cell invasiveness

CCK8 assays, colony formation assays and cell cycle analysis showed no significant differences between EpCAM-overexpressing cells and the control cells (Supplementary Fig. [S1 A--C](#MOESM2){ref-type="media"}). To further explore the role of EpCAM in NPC cell growth in vivo, growth of tumours derived from S-18-EpCAM cells was examined in nude mice. Subcutaneous xenograft formation was observed in all mice in the S-18-EpCAM group (*n* = 4) and in the control group (*n* = 4), while no significant difference in tumour number or size was found between EpCAM-overexpressing and control groups (Supplementary Fig. [S1 D](#MOESM2){ref-type="media"}). EpCAM overexpression was confirmed by IHC in xenograft tumours derived from S18-EpCAM cells. These results confirm that EpCAM has no effect on NPC cell proliferation in vitro and in vivo.

Our results were inconsistent with previous studies reporting that EpCAM could stimulate cell cycle progression and proliferation by increasing the expression of c-myc and cyclin D1^[@CR31],[@CR32]^. To additionally test the potential impact of EpCAM on NPC cell proliferation, we detected the effect of EpCAM on the expression of c-myc and cyclin D1 using a western blot assay. The results showed that neither EpCAM overexpression or knockdown could affect the expression levels of c-myc and cyclin D1 (Supplementary Fig. [S1 E](#MOESM2){ref-type="media"}).

Upregulation of EpCAM promotes NPC cell epithelial-mesenchymal transition and in vivo metastasis {#Sec5}
------------------------------------------------------------------------------------------------

In light of the obvious connection between EpCAM expression and distant metastasis in clinical samples, we examined the potential regulation of EpCAM on EMT, which is considered to be a critical process in cancer metastasis. To determine whether EpCAM overexpression induces EMT phenotypes in NPC cells, we first investigated the effect of EpCAM on invasion and metastasis. In a wound healing assay, the gap filling was remarkably accelerated in the S18-EpCAM and 6--10B-EpCAM cells compared with the control cells (Fig. [2b](#Fig2){ref-type="fig"}). In a Matrigel invasion transwell assay, an increased number of invading cells, from 41 to 237 (*P* \< 0.01), was observed in the S18-EpCAM cell line, and the number of invading cells in the 6--10B cell line increased from 89 to 317 (*P* \< 0.01) (Fig. [2c](#Fig2){ref-type="fig"}). On the other hand, knockdown of EpCAM in HONE1 cells with four different siRNA oligos decreased the number of invading cells from 596 to 256, 148, 371 and 268, depending on the siRNA oligo employed (Fig. [2d](#Fig2){ref-type="fig"}). Western blotting analysis demonstrated that the mesenchymal markers N-cadherin, Vimentin and β-catenin were significantly upregulated and the expression of the epithelial markers α-catenin and E-cadherin was decreased in the EpCAM-expressing S18 and 6--10B cells (Fig. [3a](#Fig3){ref-type="fig"}). The opposite results were obtained in EpCAM-silenced HONE1 cells (Fig. [3b](#Fig3){ref-type="fig"}). To further verify the correlation between EpCAM expression levels and EMT markers in clinical NPC samples, we stained consecutive sections of NPC tissues from 23 cases using IHC and correlated the EpCAM staining data with that of EMT markers. Significant linear correlations were found between EpCAM and Vimentin (*R* = 0.6018, *P* = 0.0024) and between EpCAM and α-catenin (*R* = 0.5472, *P* = 0.0069) in NPC tissues (Fig. [3c](#Fig3){ref-type="fig"}).Fig. 3EpCAM expression promotes NPC cell epithelial-mesenchymal transition and metastasis in nude mice. **a** Western blotting reveals reduced expression of epithelial makers (E-cadherin and α-catenin) and an increased expression of mesenchymal markers (N-cadherin, Vimentin and β-catenin) in EpCAM-expressing S-18 and 6--10B cells in comparison with the vector controls. **b** Western blotting assay showed increased levels of E-cadherin and α-catenin and decreased levels of N-cadherin, Vimentin and β-catenin in EpCAM knockdown HONE1 cells compared with that in shNC-treated cells. **c** Correlation between EpCAM and α-catenin and Vimentin expression in NPC tissues (*n* = 23). Left, immunohistochemical staining of representative NPC samples (magnification ×200). Right, Pearson correlation coefficient was calculated on the basis of the relative protein expression levels (IHC scores) of EpCAM, α-catenin and Vimentin in NPC samples. **d** Overexpression of EpCAM promoted S-18 cell invasion and metastasis in athymic nude mice in vivo. Left, two lung samples showing metastatic nodules; middle, examples of haematoxylin and eosin staining in two lung samples originating from S-18-vector and S-18-EpCAM cell-injected mice (magnification ×400); right, number of metastatic nodules formed in the lungs of mice 8 weeks after tail vein injection of S-18-vector and S-18-EpCAM cells (7 mice in each group; *P* \< 0.05, independent Student's *t-*test)

To further confirm metastatic potential in vivo, S18-EpCAM and NC cells were injected into nude mice through the tail vein. Eight weeks after injection, histological analyses confirmed a higher incidence of lung metastasis in mice injected with S18-EpCAM cells (*n* = 7) compared with mice in the control group (*n* = 7) (*P* \< 0.05, Fig. [3d](#Fig3){ref-type="fig"}).

Collectively, our results confirmed that upregulation of EpCAM promotes NPC cell metastasis in vitro and in vivo.

EpCAM overexpression mediates stem-like properties of NPC cells {#Sec6}
---------------------------------------------------------------

To determine if EpCAM expression regulates the stem-like phenotype, the expression of stem cell biomarkers was examined using western blot analysis. We demonstrated that the expression levels of the cancer stem-like cell markers CD44, OCT4, Nanog and ABCG2, as well as the EMT regulatory factor Slug were significantly enhanced in EpCAM-overexpressing cells and reduced in EpCAM-depleted HONE1 cells compared with control cells (Fig. [4a](#Fig4){ref-type="fig"}). Moreover, a sphere formation assay showed that a significantly greater number of spheres formed in culture when EpCAM was overexpressed (*P* \< 0.01, Fig. [4b](#Fig4){ref-type="fig"}), and the spheres had a greater range of sizes. Collectively, these results suggest that EpCAM has a role in the transition to a stem-like phenotype in NPC cells.Fig. 4EpCAM overexpression mediates stem-like properties of NPC cells. **a** Western blot analysis showed that the expression levels of the CSC biomarkers CD44, OCT4, Nanog and ABCG2, as well as the EMT regulatory factor Slug were significantly enhanced in the EpCAM-expressing S-18 and 6--10B cells but suppressed in EpCAM-depleted HONE1 cells compared with control cells. **b** Representative light microscopy images of stem-like spheres after ectopic EpCAM expression in S-18 and 6--10B cells. The number of stem-like spheres formed in each group was determined in triplicate plates. All values are expressed as the mean ± SEM. Overexpression of EpCAM significantly enhanced sphere formation of NPC cells (\*\**P* \< 0.01)

EpCAM induces EMT and stem-like properties by regulating the PTEN/AKT/mTOR signalling pathway in NPC cells {#Sec7}
----------------------------------------------------------------------------------------------------------

Because the PI3K/AKT pathway regulates metastasis and is frequently activated in NPC, we examined the effect of EpCAM expression on AKT signalling activity. A substantial increase in the levels of key molecules in the AKT signalling pathway, specifically, phosphorylated (active) AKT, mTOR, P70S6K and 4EBP but not the total amount of these proteins, was observed in S-18 and 6--10B cells overexpressing EpCAM (Fig. [5a](#Fig5){ref-type="fig"}). Conversely, siRNA-mediated depletion of EpCAM in HONE1 cells decreased the levels of phosphorylated AKT, mTOR, P70S6K and 4EBP1 (Fig. [5b](#Fig5){ref-type="fig"}). Moreover, the expression level of PTEN, a negative regulator of AKT signalling, was decreased in EpCAM-overexpressing cells and increased in EpCAM-depleted HONE1 cells (Fig. [5a, b](#Fig5){ref-type="fig"}). IHC analysis of 23 NPC cases identified a positive correlation between the EpCAM expression level and phosphorylated 4EBP1 (*R* = 0.6828, *P* = 0.0003) and a negative correlation between EpCAM and PTEN (*R* = 0.6324, *P* = 0.0012) (Fig. [5c](#Fig5){ref-type="fig"}).Fig. 5EpCAM activates the PTEN/AKT/mTOR signalling pathway in NPC cells. **a**, **b** Western blotting analysis revealed that EpCAM overexpression decreases PTEN expression and increases phosphorylated protein levels of mTOR, AKT, S6K and 4EBP1 (p-mTOR, p-AKT, p-p70S6k and p-4EBP1) in S-18 and 6--10B cells **a**, whereas knockdown of EpCAM increased PTEN and decreased the protein levels of p-mTOR, p-AKT, p-p70S6k and p-4EBP1 in HONE1 cells **b**. GAPDH was used as a loading control. **c** Correlation between EpCAM and PTEN and p4E-BP1 expression in NPC tissues (*n* = 23). Immunohistochemical staining of representative NPC samples is shown (magnification ×200). Pearson correlation coefficient was calculated on the basis of the relative protein expression levels (IHC scores) of EpCAM, PTEN and p4E-BP1 in NPC samples

To further determine whether activation of the PTEN/AKT/mTOR signalling pathway is important for the oncogenic activity of EpCAM in NPC cells, EpCAM-expressing S-18 and 6--10B cells were treated with the pharmacological AKT inhibitor MK2206 or the mTOR inhibitor rapamycin. Treatment with the AKT inhibitor MK2206 or rapamycin almost completely abrogated the enhanced invasion and sphere formation ability induced by EpCAM overexpression (Fig. [6a, b](#Fig6){ref-type="fig"}). EpCAM-stimulated CD44 and ABCG2 expression were also blunted by MK2206 and rapamycin treatment (Fig. [6c](#Fig6){ref-type="fig"}). In addition, suppression of PTEN by siRNA in EpCAM-depleted cells rescued AKT signalling activities in NPC cells (Fig. [6d](#Fig6){ref-type="fig"}). Moreover, the reduced invasion ability in HONE1 cells resulting from EpCAM knockdown was restored by suppression of PTEN expression (Fig. [6d](#Fig6){ref-type="fig"}). All of these findings confirmed that the EpCAM-induced invasiveness and stemness of NPC cells depends on PTEN/AKT/mTOR signalling. We also found that treatment with the AKT inhibitor or with rapamycin reduced the EpCAM expression level, while suppression of PTEN increased EpCAM expression to some extent, which suggest that AKT/mTOR signalling activation might upregulate EpCAM expression.Fig. 6Inhibitors of the PTEN/AKT/mTOR pathway abolished the effect of EpCAM on NPC cell invasion and stem-like properties. **a** The invasive abilities of S-18 and 6--10B cells expressing EpCAM or the empty vector were assessed with transwell assays after pretreatment with or without 5 μM MK2206 (AKT inhibitor) (left) or 100 nM rapamycin (right). **b** The sphere formation efficiency of S-18 and 6--10B cells expressing EpCAM or the empty vector was evaluated after pretreatment with or without 5 μM MK2206 (left) or 100 nM rapamycin (right). **c** EpCAM-induced CD44 and ABCG2 expression was diminished by MK2206 and rapamycin treatment. **d** Suppression of PTEN expression by siRNA restored the reduced invasion and CD44 and ABCG2 expression in EpCAM-depleted HONE1 cells. Transwell assays were performed with HONE1 cells transfected with siRNA-EpCAM, siRNA-EpCAM plus siRNA-PTEN, or NC. Suppression of PTEN expression by siRNA in EpCAM-repressed cells rescued AKT/mTOR activities

To confirm whether activation of the PTEN/AKT/mTOR signalling pathway is required for the EMT induction activity of EpCAM in NPC cells, EpCAM-expressing 6--10B cells were treated with MK2206 or rapamycin. The induced expression of Vimentin and Slug by EpCAM overexpression was abrogated by treatment of MK2206 or rapamycin (Supplementary Fig. [S2A](#MOESM1){ref-type="media"}, B). On the other hand, the decreased expression of Vimentin and Slug in HONE1 cells resulting from EpCAM knockdown was recovered by suppression of PTEN expression (Supplementary Fig. [S2C](#MOESM2){ref-type="media"}).

Discussion {#Sec8}
==========

Our previous study revealed that EpCAM was upregulated in NPC cell lines. In the present study, EpCAM mRNA and protein overexpression was confirmed in NPC biopsies. Moreover, increased levels of EpCAM correlated with a high metastatic potential and shorter survival of NPC patients. Cox multivariate regression analysis showed that EpCAM is an independent prognostic predictor of poor survival in NPC patients. EpCAM overexpression was demonstrated to enhance S-18 and 6--10B cell invasion and migration ability in transwell and wound healing assays and promoted in vivo metastasis. In contrast, knockdown of EpCAM expression in HONE1 cells weakened their invasive capability. Our data are the first to show that EpCAM is overexpressed in NPC and promotes metastasis in NPC patients.

Previous studies have shown that EpCAM can directly stimulate cell cycle progression and proliferation through upregulation of c-myc and subsequent upregulation of the cell cycle-related proteins cyclin A and E^[@CR32]^. EpCAM has also been shown to regulate the expression of cyclin D1 at the transcriptional level^[@CR33]^. However, in the present study, EpCAM was shown to have no effect on cell cycle and cellular growth of NPC cells in vitro or in vivo according to the cell viability assay, colony formation assay, cell cycle analysis by flow cytometry and subcutaneous xenograft model. Furthermore, no change was found in the expression level of c-myc and cyclin D1 when EpCAM was overexpressed or reduced in NPC cell lines. The discrepancy between our findings and previous reports may be due to the different cell type used in the respective studies, and further experiments need to be performed to elucidate the underlying mechanism.

EMT is an essential early step that plays an important role in the process of tumour invasiveness and metastasis. During cancer progression, EMT can endow cancer cells with self-renewal capabilities and lead them to express stem cell-associated cell-surface markers, which contribute to therapy resistance, tumour relapse and metastasis. Many studies have demonstrated that EpCAM might foster higher cell plasticity and motility by weakening cadherin-mediated cell--cell adhesion in epithelial malignancies^[@CR34]^. EpCAM has been widely used as a marker of CSCs because of its ubiquitous overexpression in CSCs that originate from epithelial lesions^[@CR35]^. However, the molecular changes following EpCAM expression have not been clearly understood until now. Here, we showed that EpCAM overexpression increases the mRNA and protein levels of the EMT transcription factors Slug, promotes EMT, and enhances the expression of stem cell markers and sphere formation in NPC cells.

Since the mechanistic insights into the functions of EpCAM have only very recently emerged, the function of EpCAM and its regulatory mechanism are still largely unknown. In the present study, we demonstrate that EpCAM promotes metastasis, EMT and stem-like properties via PTEN/AKT/mTOR signalling. Aberrant activation of AKT/mTOR signalling frequently occurs in NPC and is correlated with metastasis and poor prognosis^[@CR36],[@CR37]^. The widely known negative regulator of PI3K/AKT signalling, PTEN, was significantly downregulated in NPC^[@CR38],[@CR39]^. The AKT/mTOR pathway is known to promote invasion and metastasis through regulation of EMT and stem cell features^[@CR40],[@CR41]^. The EMT regulatory factor Slug has been reported to be a downstream target of PI3K/AKT, and PI3K/AKT signalling is essential for enabling EMT in response to upregulation of Slug^[@CR42]^. Here, we show that EpCAM overexpression inhibits PTEN expression and activates AKT/mTOR signalling in NPC cells. The mechanistic investigation using inhibitors targeting AKT and mTOR revealed that AKT/mTOR signalling activation is important for the oncogenic effect of EpCAM on cell invasion and stem-like properties of cancer cells.

A previous study showed that intramembrane proteolysis of EpCAM results in nuclear transport of the intracellular domain (ICD) of EpCAM (EpICD), which interacts with β-catenin and affects Wnt-target gene transcription^[@CR43]^. A study of hepatocellular carcinoma showed that activation of the Wnt/β-catenin pathway upregulates EpCAM expression. Thus, EpICD may create a positive-feedback loop that modulates EpCAM expression^[@CR44]^. Interestingly, our results showed that activation of the AKT/mTOR pathway could also upregulate EpCAM expression (Fig. [6c](#Fig6){ref-type="fig"}), indicating a positive-feedback loop involving EpCAM-AKT/mTOR-EpCAM might exist. The double-positive feedback loop mediated by the Wnt and AKT/mTOR pathways, two critical signalling pathways in NPC cells, might be used to keep EpCAM at a high level and promote tumour progression, although further experiments are needed to verify this hypothesis.

In conclusion, we have demonstrated that EpCAM is upregulated in NPC and plays a pro-metastatic role. Moreover, we revealed that EpCAM promotes EMT, stemness and metastasis of NPC cells via the PTEN/AKT/mTOR signalling pathway. We propose that EpCAM may serve as a potential prognostic marker of NPC.

Materials and methods {#Sec9}
=====================

Patients and samples {#Sec10}
--------------------

In total, 64 formalin-fixed, paraffin-embedded primary NPC specimens obtained from the Department of Pathology in the Sun Yat-Sen University Cancer Center (SYSUCC) were used for the immunohistochemistry assay. All the patients were first diagnosed with NPC both histologically and clinically between 2007 and 2008 according to the TNM staging of the International Union against Cancer. There were 17 males and 47 females with a median age of 44 years, ranging from 17 to 70. Clinical information associated with the samples is summarised in Table [1](#Tab1){ref-type="table"}. Additionally, 22 cases of fresh clinical NPC tissues and 14 non-cancerous nasopharyngitis (NP) tissues were collected from SYSUCC and stored at −80 °C before qRT-PCR analysis. None of the patients were subjected to radiotherapy or chemotherapy before biopsy sampling. The Research Ethics Committee of SYSUCC approved our study, and all patients provided written informed consent.

Cell lines {#Sec11}
----------

The human NPC cell lines HONE1, HNE1, SUNE1, C666-1, S18, S26, 6--10B and 5--8 F were maintained in RPMI-1640 medium (Gibco, Shanghai, China) supplemented with 10% foetal bovine serum (Gibco, US). The normal nasopharyngeal epithelium cell line NP69 was maintained in defined-KSFM medium supplemented with EGF (Invitrogen, Carlsbad, CA). All cell lines were cultured in a humidified atmosphere of 5% CO~2~ at 37 °C.

Antibodies and reagents {#Sec12}
-----------------------

Antibodies against GAPDH, EpCAM (D9S3P), AKT, P-AKT(S473), mTOR, P-mTOR, S6K, P-S6K(T398), 4EBP1, P-4EBP1, PTEN, CD44, Oct4, Nanog, c-myc, cyclin D1 and Slug were purchased from Cell Signaling Technology. ABCG2 antibody was obtained from Santa Cruz Biotechnology. Mouse monoclonal antibodies against human α-catenin, E-cadherin, fibronectin and Vimentin were purchased from BD Biosciences. GAPDH antibody was used for a normalised control. Rapamycin and the AKT inhibitor MK2206 were purchased from Selleck Chemicals. To test the effect of AKT/mTOR activation on cell invasiveness, sphere formation ability and gene expression induced by EpCAM expression, NPC cells were pretreated with the AKT inhibitor MK2206 (5 μM) or Rapamycin (100 nM) for 24 h before performing the following experiments and assays.

Immunohistochemistry staining {#Sec13}
-----------------------------

The immunohistochemistry (IHC) study was performed using a standard streptavidin-biotin-peroxidase complex method described previously. Then, the staining results were evaluated and scored independently by two pathologists. The intensities were graded as 0 (negative), 1 (weakly positive), 2 (moderately positive) and 3 (strongly positive), and the estimated fraction of positively stained tumour cells was evaluated by percentage from 0 to 100%. Finally, the intensity and proportion score were multiplied to determine the total IHC score of each section.

Quantitative real-time PCR (qRT-PCR) {#Sec14}
------------------------------------

Total RNA was extracted with TRIzol (Invitrogen, USA) according to the manufacturer's instructions. For the gene expression test, 1 μg of total RNA was used to synthesis cDNA using a PrimeScript RT reagent kit (Promega, Madison, WI, USA). Then, qRT-PCR was carried out in a total volume of 15 µl using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen, USA) and a Bio-Rad CFX96 Real-Time PCR Detection System following the manufacturer's protocol. The specific primer sequences used in this study are listed below: EpCAM sense 5′-AATCGTCAATGCCAGTGTACTT-3′, EpCAM anti-sense 5′- TCTCATCGCAGTCAGGATCATAA-3′; GAPDH sense 5′- CTCCTCCTGTTCGACAGTCAGC-3′ and GAPDH anti-sense 5′- CCCAATACGACCAAATCCGTT-3′. Each sample was repeated across three independent tests.

Generation of NPC cell lines with stable expression of EpCAM {#Sec15}
------------------------------------------------------------

EpCAM expression lentiviral vector and empty vector were purchased from GenePharma (Shanghai, China). S18 and 6--10B cells were infected with recombinant lentivirus-transducing units plus 8 mg/mL polybrene (Sigma, St Louis, Missouri, USA) according to the manufacturer's instructions. Cells were selected using 4 μg/mL puromycin for 2 weeks, and stable EpCAM expression and control cell lines were obtained.

RNA interference {#Sec16}
----------------

Small interfering RNA (siRNA) duplexes targeting EpCAM (siRNA459, siRNA738, siRNA980 and siRNA1082) and the negative control (NC) siRNA were designed and synthesised by GenePharma (Shanghai, China). siRNA mix against PTEN (5′-TGCAGCAATTCACTGTAAA-3′ and 5′-GAGCGTGCAGATAATGACA-3′) and control RNA were purchased from Guangzhou RiboBio ([www.ribobio.com](http://www.ribobio.com)). Cell transfection was achieved using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's instructions. Briefly, 100 nM siRNA duplex was incubated with cell lines for 72 h for each transfection, after which the following experiments and assays were performed.

Western blotting {#Sec17}
----------------

Cells or tissue homogenates were lysed using RIPA buffer containing PMSF (RIPA:PMSF = 100:1). Then, after 30 min on ice and centrifugation at 4 °C, 14,000 r.p.m., for 15 min, the supernatant was collected. Protein in the supernatant was measured using a Bicinchoninic Acid Protein Assay kit (Beyotime, CA), and protein was denatured at 100 °C for 10 min with DualColor Protein Loading Buffer (Life, USA). Then, denatured protein was separated via 8--10% SDS polyacrylamide gel electrophoresis and transferred to PVDF membranes (GE Healthcare Life Sciences, UK). The membranes were blocked with TBST containing 8% non-fat milk for 2 h at room temperature (RT), incubated with specific primary antibodies at 4 °C for 16 h, and then incubated with secondary antibodies labelled with horseradish peroxidase (HRP) for 1 h at RT. Finally, an electrochemiluminescence (ECL) system (Tanon, China) was used for detection.

CCK8 proliferation assay {#Sec18}
------------------------

Cell proliferation assays were performed using a CCK8 Cell Counting Kit (JingXin Biological Technology, Guangzhou, China) according to the manufacturer's instructions. Briefly, cells were plated in 96-well plates at 1.0 × 10^3^ cells per well and cultured for 1--6 days. Then, 10 µl of CCK8 solution was added to each well, and cells were incubated for 3 h at 37 °C. Absorbance at 450 nm was measured with a microplate reader (SpectraMax M5 Multi-Mode Microplate Reader; Molecular Devices LLC, Sunnyvale, CA, USA). A calibration curve was prepared using data obtained from wells that contained known numbers of viable cells.

Colony formation assays {#Sec19}
-----------------------

Cells were seeded in six-well plates (500 cells per well) and cultured for 10 days. Colonies were fixed with methanol for 5 min and stained with 0.1% crystal violet for 20 min. Colonies that contained more than 50 cells were counted under a dissection microscope. The experiment was performed in triplicate for each cell line.

Cell cycle analysis {#Sec20}
-------------------

Cell cycle stage was determined with flow cytometry using a cell cycle assay kit (Keygen Inc.). After PI staining, the cellular DNA content was determined according to the manufacturer's instructions. The cells were distinguished as being in G0/G1, G2/M and S phases of the cell cycle based on the fluorescence intensity, and the cell cycle distribution was analysed using Cell-FIT software (BD Biosciences, San Jose, CA, USA).

Wound healing and invasion assays {#Sec21}
---------------------------------

Cell migration was assessed with a scratch wound healing assay. Cells were cultured in a six-well plate. After the cells reached sub-confluence, a scratch wound was generated with a sterile micropipette tip, and the culture medium was replaced with serum-free RPMI-1640. The spread of wound closure was observed every 12 h and photographed under a microscope. Images were later analysed by determining the distance between the cells on either side of the scratch over time, and the results are presented in the figure as percent scratch closure.

For invasion assays, cells (7.5 × 10^4^) in 100 µl of serum-free RPMI-1640 medium were seeded in a Matrigel-coated chamber (BD Biosciences) with 8-μm pores present in the insert of a 24-well culture plate. FBS was added to the lower chamber as a chemo-attractant. After 18 h, the non-invading cells were gently removed with a cotton swab. Invasive cells located on the lower side of the chamber were fixed with 100% methanol for 10 min and stained with crystal violet (Weijia Biology Science and Technology Co, Ltd) for 30 min at room temperature. Five random fields per well were observed, and cells were counted under a microscope. Experiments were performed in triplicate.

Sphere culture and sphere formation assays {#Sec22}
------------------------------------------

Parental cells were trypsinized, washed with phosphate-buffered saline (PBS), and seeded at clonal density (1 × 10^3^ per mL) in cancer stem cell (CSC) media consisting of Dulbecco's modified Eagle's medium with nutrient mixture F-12 (DMEM/F12, Invitrogen, USA) supplemented with B27 (Invitrogen, USA), 20 ng/ml epidermal growth factor (Invitrogen, USA), 20 ng/ml basic fibroblast growth factor (Invitrogen, USA), and 2 mM [l]{.smallcaps}-glutamine (Invitrogen, USA) on ultra-low attachment plates (Sigma, USA). Conditioned medium (CM) was changed every 3--4 days, and DMSO, MK2206 or Rapamycin were added to the cultures every 48 h. The spheres were typically counted after 14 days. Only spheres \>75 μm in diameter were included, if not otherwise stated.

Animal study {#Sec23}
------------

Six-week-old male athymic nude mice were injected subcutaneously with 6 × 10^6^ S18-EpCAM or S18-control cells separately. The resulting tumours were examined every 3 days. After 30 days, the mice were killed and the subcutaneous tumours were resected. Tumour size was measured using calipers, and tumour volumes were calculated (*V* = 0.5 × L × W^2^). Then, the subcutaneous tumours were fixed in 10% formalin and embedded in paraffin blocks for immunohistochemistry to confirm the EpCAM protein levels.

For the in vivo metastasis assays, fourteen 3- to 4-week-old male BALB/c-nu mice were randomised into 2 groups of 7 mice each. Then, 100 μl of cell suspension containing 1 × 10^6^ S18-EpCAM or S18-NC cells was injected intravenously through the tail vein into each mouse. The experiment was terminated after 8 weeks, the mice were examined, and the liver and the lungs were removed and fixed with 10% formalin. Subsequently, consecutive tissue sections were made for each block of the liver and the lung. The sections were stained with H&E, and EpCAM expression in tumour metastasis tissues was identified using IHC. Finally, the metastatic nodules were carefully examined and counted under a microscope, and the average number of metastatic foci in each slide was calculated for each mouse and compared between S-18-NC and S-18-EpCAM groups.

Animals were housed under standard conditions and cared for according to the institutional guidelines for animal care. The experiments were performed in accordance with the guidelines of the laboratory animal ethics committee of Sun Yat-sen University.

Statistical analysis {#Sec24}
--------------------

A *χ*^2^-test was used for correlation analysis between EpCAM expression and clinicopathological features of patients with NPC. Survival curves were plotted using the Kaplan--Meier method and compared using a log-rank test. Student's *t*-test was used to test differences between two groups. SPSS version 17.0 software (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. *P* \< 0.05 was considered to indicate a statistically significant difference (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001).
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